Ataxia telangiectasia (AT) is a human genetic disease characterized by radiation sensitivity, impaired neuronal development and predisposition to cancer. Using a genetically defined model cell system consisting of cells expressing a kinase dead or a kinase proficient ATM gene product, we previously reported systemic alterations in major metabolic pathways that translate at the gene expression, protein and small molecule metabolite levels. Here, we report ionizing radiation induced stress response signaling arising from perturbations in the ATM gene, by employing a functional proteomics approach. Functional pathway analysis shows robust translational and post-translational responses under ATM proficient conditions, which include enrichment of proteins in the Ephrin receptor and axonal guidance signaling pathways. These molecular networks offer a hypothesis generating function for further investigations of cellular stress responses. Ó 2013 by Radiation Research Society INTRODUCTION Cellular responses to ionizing radiation are complex, multi-genetic traits, important in cell survival and genomic stability. Cell cycle arrest, activation of signal transduction pathways and stimulation of DNA repair processes all contribute to the phenotype, which may be categorized in various gradations of radiation sensitivity or radiation resistance. These intrinsic genetic programs allow the cell to elicit DNA damage responses or to activate programmed cell death in a quantitative context of cellular injury (1) .
Among the clinical syndromes exhibiting radiation sensitivity as a result of single gene mutations, the human genetic disease, ataxia telangiectasia (AT), has been the subject of intense investigations and the ATM gene that is mutated in AT has been cloned and characterized (2) (3) (4) . ATM is a member of phosphatidylinositol 3 kinase family of genes, which play roles in multiple signal transduction pathways. Most patients with AT have mutations which result in ATM gene product truncation. These AT patients develop neurological degeneration leading to ataxia, a pattern of cutaneous teleangiectasias, immunological deficiencies and extreme sensitivity to ionizing radiation exposure (5) (6) (7) (8) (9) . However, the correlation of clinical observations to disruptions in signaling pathways still needs to be fully defined and integrated on a global proteomic scale.
AT5BIVA cells are SV40 immortalized fibroblast derived from an AT-group D patient, resulting in truncation in the carboxyl terminus domain (see Supplementary Fig. S1 ; http://dx.doi.org/10.1667/RR3198.1.S1). The clonal cell line, ATCL8, was established by introducing a vector expressing the full-length wild-type ATM cDNA into AT5BIVA (10). Previously we reported an integrated ''omics'' study to characterize the molecular changes at the gene expression, metabolomic and proteomics levels in a baseline comparison of ATCL8 and AT5BIVA cells (11) . With a goal to gain insight into post-irradiation changes in protein levels or modifications affected by the presence or absence of functionally intact ATM, we now report here the global proteomic responses in these human AT fibroblasts, following exposure to ionizing radiation. In the study, the focus is on relative changes in protein levels of the irradiated cells, compared to the unirradiated controls. Proteins were identified using mass spectrometry. Western blot analysis was utilized to validate a subset sample of proteins and proteins showing significant expression alterations in response to radiation-induced stress. The post-translational modifications of proteins were investigated using phospho-protein antibody arrays. Our data show distinct patterns of stress response signaling under ATM deficient or proficient conditions.
METHODS

Samples
AT5BIVA cells were obtained from the National Institute of General Medical Sciences (NIGMS). The ATCL8 cell line was established by transfecting AT5BIVA cells with the wild-type, full length ''ATM'' cDNA in a pcDNA expression vector and selected by screening for the presence of ATM protein expression and correction of radiation sensitivity (12) . Cells were maintained in modified Eagle's medium with 20% fetal bovine serum, 100 U/ penicillin, and 100 pg/ml streptomycin. For this study the cells were grown to 80% confluence and serum starved for 24 h. Logarithmically growing cells were exposed to 5 Gy of c radiation in air at room temperature using a [ 137 Cs] irradiator (J. L. Shepard Mark I). The cells were incubated at 378C and washed twice with chilled phosphate buffered saline (PBS) before harvesting at predetermined intervals via scraping and centrifuging (11) .
Immunoflourescence Microscopy
Cells were placed on glass cover slips, fixed with 4% paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100 in PBS for 10 min, followed by incubation with blocking solution (1% bovine serum albumin in PBS). After incubation with primary antibodies, the cells were incubated with the appropriate secondary antibodies: donkey anti-mouse or anti-rabbit Alexa488 and Alexa566 fluoroconjugated antibodies (Invitrogen), nuclei were stained with DAPI. 
Two-Dimensional Gel Electrophoresis and Mass Spectrometry
For each proteomic experiment, two 2D gels were run for each of three biological replicates per cell type to yield six independent data sets. Five hundred milligrams of each prepared whole cell lysate were loaded onto IPG ReadyStrips pH 3-10 NL (Bio-Rad), and rehydrated at 50 V for 12 h at 208C. Isoelectric focusing on the Protean IEF Cell from Bio-Rad was performed as follows: 15 min at 250 V, a rapid voltage ramping to 10,000 V and a final step at 10,000 V up to 80,000 V-hours. The strips were equilibrated and the proteins were resolved in the second dimension on 12% SDS-PAGE gels, fixed and stained with Commassie blue G250, destained in water and imaged. The protein patterns were compared using Dymension imaging software (version 1.5, Syngene). Each of the 2D gels was used for comparison of normalized spot density. Three biological replicates were used in duplicates, for each condition (cell type and post-radiation time point). The protein profiles were highly reproducible among replicates from each sample resulting in 85-93% correlation with respect to the number of common spots present. Although we used a broad pH range (3-10) for protein resolution, most of the protein spots lay within pH 4-7 and molecular weight 25-85 KDa ranges. For a protein spot to qualify as a differentially expressed spot, high stringency cut-off parameters were used. Spots with a fold change of !2 with P 0.05 were considered to be statistically significant and were subsequently selected for identification by mass spectrometry.
In-Gel Tryptic Digestion and Protein Identification by Mass Spectrometry
Briefly, the protein spots of interest were manually excised from the 2D gel, transferred to Montage plate (Millipore) and destained with 50% acetonitrile in 25 mM ammonium bicarbonate, dehydrated with acetonitrile for 5 min and vacuum dried. Gel pieces were then rehydrated with 25 mM ammonium bicarbonate supplemented with trypsin (5 ng/ll, Promega, Madison, WI) at 378C for 16 h. Subsequently, tryptic peptides were extracted in 0.1% TFA/50% acetonitrile and mixed with an equal volume of 5 mg/ml CHCA (Acros Organics, NJ). Mass spectra were recorded with a matrix assisted laser desorption/ionization-time of flight, time of flight (MALDI-TOF-TOF) spectrometer (4700 Proteomics Analyzer, ABI) set in reflector positive mode by spotting the samples onto a MALDI plate. Peptide masses were compared with the theoretical masses derived from the sequences contained in Swiss-Prot databases using MASCOT for Homo sapiens as the taxonomy filter. The search parameters were set as follows: monoisotopic mass selection for MH þ1 peptides with cysteines as carbamidomethyl derivative, one missed cleavage for trypsin allowed, peptide mass error 50 ppm, at least four peptides mass hits were required for protein match.
Western Blotting
Protein extracts of AT5BIVA and ATCL8 cells were resolved by 1D gel electrophoresis on 4-20% Bis-Tris NuPage gels (Invitrogen), transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore Corporation, Bedford, MA). All antibodies were purchased from Santacruz Biotechnology. Anti-phosphorylated serine 1981 ATM antibody was procured from Rockland Chemicals. Western blotting was performed using standard procedures and the blots were developed using Super-signal West Pico Chemiluminiscent substrate (Pierce). Detection was performed with autoradiography films (BioMax Light Film, Eastman Kodak Rochester, NY).
Phospho-Kinase Array
The phospho-proteome profiler kit was purchased from R&D systems, which contained capture antibodies against a panel of 46 kinases spotted in duplicates on nitrocellulose membranes. The blotting was performed per instructions of the manufacturer (R&D Systems). The normalized spot intensity was used to evaluate differential levels of phosphorylation.
Functional Pathway Analysis
IPA-proteomics a capability within the Ingenuity Pathway Analysis (IPA) program was used to automatically generate pathways related to the differentially expressed proteins. Network analysis was performed using the IPA tool, to generate functionally associated networks based on curated literature information of protein interaction, co-expression and genetic regulation.
RESULTS AND DISCUSSION
Validation of the AT Phenotype
The ATM gene product is crucial for mediating cellular response to ionizing radiation exposure and to other agents, which cause double-stranded DNA breaks. Various signaling pathways are initiated leading to DNA repair, stress response and cell survival (13) . The ATM gene in AT5BIVA cells is mutated at multiple loci as illustrated in Supplementary Fig. S1 (http://dx.doi.org/10.1667/ RR3198.1.S1), leading to a kinase dead gene product. To 
Identification of Differentially Expressed Proteins in Response to Radiation Exposure
We studied the changes in the proteome of ATCL8 and AT5BIVA cells 0.5, 1, 3 and 24 h after radiation exposures in comparison to nonirradiated cells. Whole cell protein extracts were resolved on 2-DGE (Supplementary Figs. S2-S5; http://dx.doi.org/10.1667/RR3198.1.S1). Comparative 2D analysis detected a total of 435 and 630 differentially abundant proteins, representing either changes in relative levels or post-translational modifications, for AT5BIVA and ATCL8 cell lines respectively, across the time course study. Of these, a total of 164 proteins for AT5BIVA and 186 proteins for ATCL8 were identified with high confidence. A subset of these proteins are listed in Tables  1A and 1B, while the rest are listed in Supplementary  Tables S1 (A-H ) (http://dx.doi.org/10.1667/RR3198.1.S1). Gene ontology analysis showed the differentially abundant proteins to be involved in diverse cellular processes including transcriptional regulation, metabolism, mitochondrial structure and function, cell structure maintenance and signaling among others (Supplementary Fig. S6A and B; http://dx.doi.org/10.1667/RR3198.1.S1). A subset of these proteins was selected for validation by Western blot analysis and confirmed to be consistent with 2D gel analysis findings (Fig. 2) .
To understand pathway based responses to radiation exposure, we selected 30 min and 3 h as early and late response, post-radiation time points. Network modeling revealed enrichment of proteins participating in cell cycle, cellular assembly and organization, cell death and proliferation pathways in both cell lines; however the interacting protein nodes were different (Figs. 3 and 4; and Supplementary Fig. S7 ; http://dx.doi.org/10.1667/ RR3198.1.S1). This indicated that although the same pathways were impacted in AT5BIVA and ATCL8, the patterns of responses were distinct and ATM dependent. As an example, ATCL8 cells showed an up-regulation of PAK family kinases at the early response time point of 30 min, consistent with regulation of cell survival and apoptosis through the activation of AKT (14) . In general, signaling pathways promoting proliferation, transcription and translational processes as well as cytoskeletal proteins were down regulated 30 min after radiation exposure. In ATCL8 cells, concomitant increases in proteins promoting degradation and apoptosis were observed, including ubiquitin activating enzyme, proteasomes, and ubiquitin ligase. Three hours after radiation treatment, NCOR1, a protein reported to facilitate cellular recovery from DNA double-strand breaks was found to be upregulated in ATCL8, while STAT3, a protein known to trigger cell proliferation or apoptosis in appropriate cellular context was downregulated (Supplementary Table 1B and Fig.  S9A ; http://dx.doi.org/10.1667/RR3198.1.S1). ATCL8 also showed upregulation of the MAP2K3 based apoptosis signaling pathway, GNAS complex and phosphinositide 3-kinase, which regulates cellular events that include protein folding and intracellular targeting. By contrast, AT5BIVA showed a downregulation of RAD23 and upregulation of 676 microtubule actin cross-linking factor (MACF1) and GLRX3, which regulate the cellular redox state and have been shown to be upregulated in lung and colon cancer (15) (Fig. 2B) . In contrast to ATCL8, AT5BIVA cells did not show any changes in the expression of proteins participating in cell cycle, cell signaling or apoptosis up to 1 h after radiation exposure. Notably, Vimentin, a cytoskeletal protein that is responsible for maintaining cellular integrity (16) was found to be down-regulated in AT5BIVA in response to radiation exposure while Ezrin was upregulated 1 h after irradiation. Increased expression of Ezrin has been associated with cellular transformation and cellular redistribution in Rat-1 fibroblasts (17) . Taken together, these data emphasize the requirement of TABLE 1A List of differentially expressed proteins identified by expression profiling in AT5BIVA and ATCL8 cells, respectively. Differentially expressed proteins belonging to functionally different classes are listed. Two-dimensional electrophoresis was performed for AT5BIVA and ATCL8 whole cell lysates with and without radiation exposure. The gel spots from radiation treated samples were compared to those without radiation treatment using Dymension (Syngene) image analysis software. The spots exhibiting differential normalized intensities were analyzed by MALDI-TOF mass spectrometry and identified using MASCOT database search. The listed proteins had confidence intervals greater than 95% and have at least 3 unique peptides associated with the protein identification. A green arrow depicts a down regulation subsequent to radiation treatment while a red arrow depicts an up-regulation.
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TABLE 1B List of differentially expressed proteins identified by expression profiling in AT5BIVA and ATCL8 cells, respectively. Differentially expressed proteins belonging to functionally different classes are listed. Two-dimensional electrophoresis was performed for AT5BIVA and ATCL8 whole cell lysates with and without radiation exposure. The gel spots from radiation treated samples were compared to those without radiation treatment using Dymension (Syngene) image analysis software. The spots exhibiting differential normalized intensities were analyzed by MALDI-TOF mass spectrometry and identified using MASCOT database search. The listed proteins had confidence intervals greater than 95% and have at least 3 unique peptides associated with the protein identification. A green arrow depicts a down regulation subsequent to radiation treatment while a red arrow depicts an up-regulation.
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functional ATM for triggering cell cycle checkpoints and DNA repair mechanisms. Analysis of the canonical pathways in ATCL8 showed the enrichment of axonal guidance, actin cytoskeletal and Ephrin receptor signaling as the major pathways, consistently at 30 min and 3 h with Ephrin B3 and PAK family of kinases as major participants (Figs. 3A and 4A and Supplementary Fig. S8A and C; http://dx.doi.org/10.1667/ RR3198.1.S1). ATM deficient AT5BIVA at 30 min was a slow responder with few major pathways triggered in response to radiation exposure (Fig. 4B) . At 3 h, purine metabolism, 14-3-3 and VEGF signaling were found to predominate in AT5BIVA (Supplementary Fig. S7D ; http://dx. doi.org/10.1667/RR3198.1.S1).
In summary, ATCL8 showed down-regulation of metabolic pathways and those which facilitate cell division, proliferation and differentiation. This is complemented by the upregulation of stress pathways including cell-cycle arrest, protein degradation and cellular apoptosis concomitant to radiation exposure. In contrast to the stress response signaling in ATCL8 as early as 30 min after radiation exposure, proteomic profiling in AT5BIVA revealed upregulation of proteins involved in metabolic pathways including protein biosynthesis at this time point. At 3 h after radiation exposure, proteins such as cAMP dependent protein kinase and HSP 90 were upregulated in AT5BIVA. These proteins have been shown to promote cell proliferation by inhibiting stress-induced apoptosis (18) .
Detection of Protein Modifications
We interpret the observed changes in proteins that lead to differential fold changes are a direct reflection of gene expression, protein stability or changes in the post translational modification (PTM) status. Hence, we used an antibody array to characterize the phospho-proteome before and after radiation exposure in ATCL8 and AT5BIVA. The levels and pattern of protein phosphorylations in response to radiation were found to differ significantly in the two cell lines in an ATM dependent fashion. A basal level comparison of AT5BIVA and ATCL8 showed a significant elevation in phosphorylation of p38alpha T180/T182, JNK T183/Y185 and AKT S473 in ATCL8 (Fig. 5A) . Phosphorylation of p38 regulates the base excision mediated DNA repair (19) . Our findings are consistent with reports suggesting that ATM-dependent signaling through the RAF/MEK/ERK pathway is critical for efficient homologous recombination and for radiationinduced ATM activation, implicating a regulatory feedback loop between ERK and ATM (20) . There was a significant increase in phosphorylation levels of GSK-3alpha/beta S21/ 29 in ATCL8, 1 h after irradiation compared to AT5BIVA (Fig. 5B) . AKT is known to be phosphorylated by ATM, which in turn phosphorylates GSK3 leading to its inactivation (21) . The AKT-insulin pathway has been implicated in mediating the DNA damage response (22) . We also found ATM dependent phosphorylation of cAMP response element binding protein (CREB) at serine 133 in ATCL8, which is consistent with earlier reports (23) . Using kinase prediction enrichment analysis, Bensimon et al. reported the alteration in GSK3beta phosphorylation status in human melanoma cell analyzed for ATM dependent and independent phosphorylation events (24) . In addition, we found an increase in phosphorylation of HSP27 at serine residues 78 and 82 in cells which has been reported to be catalyzed by MAP kinase5 (MK5) (25) (Fig. 5B) . Choi et al. reported a phospho-proteomics study which revealed alterations in the phosphorylation levels of several proteins in the presence of an ATM inhibitor including heat shock proteins (26) . Previously, Kim et al. reported the identification of signaling molecules under low-dose ionizing radiation by using quantum dot nano-technology to
FIG. 2.
Validation of differential expression using Western blot analysis. ATCL8 (top panel) and AT5BIVA (bottom panel) were either sham treated or exposed to c rays (5 Gy) and harvested at 30 min or 3 h after radiation exposure. The protein extracts were run on 4-12% Bis-Tris NuPage gels (Invitrogen), transferred on to a PVDF membrane and blotted with the respective antibodies. The band intensity was measured by densitometry using image-J. The bars indicate the target protein intensity normalized to the band intensity of GAPDH. The error bars represent the standard deviation. P values represent the significant of change in the expression levels of proteins after 30 min and 3 h after radiation exposure compared to the sham treated cells. The significance was determined using t test (Graph pad Prism V5.0). ***P , 0.001, **P , 0.01, *P , 0.05.
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determine changes in patterns of kinase expression levels in AT cells. In this study, we interpret these modifications to impact cellular processes like DNA damage and repair, cell cycle and proliferation.
DISCUSSION
Since ionizing radiation mediated cellular responses are complex, a pathway enrichment analysis offers a pragmatic approach towards furthering for enhancing our understanding of molecular events that accompany radiation injury and also those that are a result of single gene perturbations. A goal of global ''omics'' studies is to understand physiological processes as an integrated result of alterations in molecular networks. Analysis of high throughput data to yield meaningful biological information and its correlation with the physiological status of the system under study presents a challenge. The AT clinical syndrome results in a myriad of patho-physiological symptoms including extreme radiation sensitivity and predisposition to cancer. Our comprehensive proteomic approach includes the use of 2D gel proteomics and antibody arrays to determine changes in protein levels or PTM status in AT5BIVA and ATCL8 cell lines in a radiation response time course study.
ATM Dependent Differential Response
Our results underscore the differential responses to radiation arising from perturbations in a single gene. Ephrin signaling was found to be significantly enriched in ATCL8 cells at 30 min and 3 h after radiation exposure. Our results therefore show not only anticipated roles for Intersectin-1 and STAT3 which are known to be involved in cell survival and proliferation but a potential role for Ephrin B3 (EphB3) in these processes. The Ephrin signaling pathway has been reported to regulate multiple cellular development and signaling processes and our data now suggest Ephrin 3 plays a role in cell survival and cell growth (27, 28) . Ephrins have also been reported to have critical function in neuronal development (27) . Axonal guidance signaling was another predominant pathway in ATCL8 with twelve focus molecules including paxillin, Netrin, CDK5, EphB3, ITSN1 and PAK6 (Supplementary Fig. S7A and D; http://dx.doi. org/10.1667/RR3198.1.S1).
AT5BIVA showed an attenuated response to radiation exposure with 14-3-3 mediated signaling and protein ubiquitination pathways as being significantly perturbed. 14-3-3 mediated signaling has been implicated in radiation resistance in NSCLC cells and could partly explain the failure of AT5BIVA cells to elicit a stress response in the absence of ATM (29, 30) . The focus molecules involved in the protein ubiquination pathway included proteasomes, USP7 and SUG-T1. Activated ATM phosphorylates and activates PPM1G, in response to DNA damage, which, in turn, dephosphorylates USP7S and promotes its degradation. Inactivation of USP7S results in Mdm2 self-ubiquitylation and degradation that leads to p53 upregulation (31) . We also found an up-regulation of nucleolin in AT5BIVA, 30 min after radiation treatment, while the levels were unaltered in ATCL8. Nucleolin is an abundant factor critical for pre-RNA processing and has been reported to be antiapoptotic (32) . It has also been shown to mediate the antiapoptotic response of HSP70 under oxidative stress conditions (33) . The apparent up-regulation of nucleolin as an early response to radiation induced stress may be indicative of an aberrant response whereby cells continue to progress through the cell cycle. On the other hand, we detected phosphorylation of SMC1 and M4K4 in response to ionizing radiation in ATCL8. SMC1 phosphorylation has been reported to be ATM dependent in response to radiation exposure, consistent with our previous findings (34) .
Network Modeling
Network modeling focused on proteins involved in cell cycle, signaling, transcription and cytoskeleton regulation. The participating proteins in each interacting network module differed significantly by the presence of a functional ATM. For example, AT5BIVA cells showed decreased expression of Vimentin 3 h after radiation exposure. Vimentin is a cytoskeletal component responsible for maintaining cell integrity (16) . An increase in the levels of Ezrin was observed in AT5BIVA after radiation exposure, which has been implicated in cellular transformation in Rat-1 fibroblasts (17) . It has been reported that cells with a functional ATM exhibit cell cycle check points in response to radiation treatment while AT cells continue to progress into the cell cycle and undergo defective cell divisions (35) . Consistent with earlier reports, we observed a down regulation of proteins like NP1L4, CHD1 and EF1-G that mediate cell division and proliferation in ATCL8.
Delayed Response to Radiation in AT Cells
AT5BIVA was a slow responder to radiation exposure at 30 min. Significant differential protein expression was seen at 3 and 24 h, underscoring an attenuated stress response in the absence of ATM. Hence we performed time wise comparisons of differential protein expression patterns in AT5BIVA and ATCL8. We found little overlap in the proteome map of the differentially expressed proteins for 
FIG. 5.
Panel A: Antibody array analysis shows increased levels of phosphorylation in p38alpha T180/T182, JNK T183/Y185 and AKT S473 in ATCL8 cells. Nonirradiated AT5BIVA and ATCL8 protein extracts were incubated overnight with the human phospho-kinase array. The arrays were washed to remove unbound proteins, followed by incubation with a cocktail of biotinylated detection antibodies. Streptavidin-HRP was used for chemiluminescent detection. Normalized spot intensities were used to calculate fold changes in phosphorylation levels. Panel B: AT5BIVA and ATCL8 show differential phosphorylation patterns in response to radiation treatment. Protein extracts from the two cell lines, irradiated and controls, were processed as described above. The levels and patterns of phosphorylations in response to radiation were found to differ significantly in the two cell lines in an ATM dependent fashion.
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the same time points for the two cell types (Supplementary Fig. S8A-D; http://dx.doi.org/10.1667/RR3198.1.S1). For example, at 1 h, Zinc finger protein 44, Nebulin, 14-3-3 protein epsilon and SP 110 nuclear protein were found to be differentially expressed in both the cell lines; however the patterns of regulation were opposite. Of the total number of proteins that were differentially expressed only 1, 4, 6 and 12 proteins were common for 30 min, 1, 3 and 24 h comparisons, respectively.
CONCLUSIONS
This study demonstrates the utility of using a genetically defined model cell system to elucidate global alterations in cellular networks resulting from perturbation in the ATM gene. The presence of the ATM resulted in a robust response to ionizing radiation injury in terms of time and number of signaling pathways that were activated. Our results show a distinctive radiation response in the two isogenic cell lines with respect to protein expression and post-translational modifications, emphasizing the value of this model system for ''systems biology'' studies. These changes are integrated with the metabolomics responses that we reported previously (36) . We have also reported a crossplatform systems biology approach, which integrates common responses seen at RNA, protein and metabolite expression level (11) . This approach provided a pathway based response where alteration of network modules is likely to result in perturbation of downstream signaling networks thereby causing altered radiation sensitivity, cellular morphology and cell mortality all of which are characteristics of AT cells. Interestingly, there was an unanticipated involvement of the Ephrin signaling pathway in mediating the radiation induced stress response in ATCL8 cells. Previously, microarray analysis showed an upregulation of EphB1 in ATCL8 cells prior to radiation exposure (11) . This has translated into differential expression of multiple proteins involved in the Ephrin signaling pathway as determined by proteomics analysis in this study. Additionally, metabolomics (34) and proteomics studies performed using the same model system show pathway based correlations including purine and phospholipid metabolism, providing an orthogonal validation. The consistency between the findings from different ''omics'' data provides an in-silico validation for one of several hypothesis generating results from this study. Thus our results illustrate the complexity of the proteomic landscape underlying the overall response to radiation exposure. It is evident from our results that these networks affect a broad range of cellular processes, which may help explain the myriad of symptoms associated with the ataxia syndrome. The precise biological roles of these pathway perturbations in this model system are appropriate subjects for follow-up investigations including the investigation of the roles of axonal guidance signaling (Ephrins), Integrin signaling (Cadherin) and the role of 14-3-3 mediated signaling in nuclear translocation of histone deacetylases (37) . Further investigations of the proteins and their modifications may provide novel insights into stress signaling and serve as a vehicle to define biomarkers of radiation exposure.
